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ABSTRACT

We present our quantum efficiency (QE) and noise equivalent power (NEP) measurements of the meander-
type ultrathin NbN superconducting single-photon detector in the visible to infrared radiation range. The
nanostructured devices with 3.5-nm film thickness demonstrate QE up to ~10% at 1.3 — 1.55 pum
wavelength, and up to 20% in the entire visible range. The detectors are sensitive to infrared radiation with
the wavelengths down to ~10 pm. NEP of about 2 x 10™® W/Hz"? was obtained at 1.3 pm wavelength.
Such high sensitivity together with GHz-range counting speed, make NbN photon counters very promising
for efficient, ultrafast quantum communications and another applications. We discuss the origin of dark
counts in our devices and their ultimate sensitivity in terms of the resistive fluctuations in our
superconducting nanostructured devices.

INTRODUCTION

Superconducting single-photon detectors (SSPDs) [1] based on ultrathin, submicron-width NbN
superconducting meander lines have already found several practical applications [2-4], based on their
picosecond-range response time, low jitter, and low dark counts. The SSPD ahility to efficiently count
single photons has been explained within a phenomenological hot-electron photoresponse model [1, 5].
This model describes formation and subsequent growth of a resistive hotspot in a very narrow, current-
biased superconducting stripe upon the single-photon absorption event [6], [7]. The hotspot formation is
followed by supercurrent redistribution, leading to a transient voltage response signal [8]. The NbN-based
SSPDs are able to efficiently detect single photons in the wavelength range from ultra-violet to near
infrared (IR) [4], [9] a a GHz-range counting speed [10]. They work at the 4-K temperature level, which
allows a long-term, no-interruption work, when using modern closed-cycle refrigerators. Their fiber-optical
coupling makes easy to perform room temperature photon-counting experiments.

The aim of this presentation is to demonstrate the performance of our new SSPDs, fabricated from
3.5-nm-thick NbN films. We found a significant (up to two orders of magnitude) increase of quantum
efficiency (QE) in such detectors, as compared with the 10-nm-thick structures [4]. Our new 3.5-nm
devices exhibit QE up to ~10% at near IR and above 15% in the visible range. We associate such an
improvement of QE with the large increase of a hotspot size in thinner NbN films. We also present here the
sensitivity performance of our detectors. Knowing the dark counting rate and its bias current dependence
we were able to determine a noise equivalent power (NEP), which is widely regarded to be the best
measure of the detector sensitivity. For our best devices the NEP reaches 2 x 10 W/HZz"? at 1.3 pm
wavelength.

EXPERIMENTAL DETAILS

The devices used in our experiments were 10 x 10-pm?-area size NbN superconducting meander-
type structures with the film thickness d = 3.5 nm, the nominal stripe width w ~ 200 nm, and the gap
between the meander stripes of about 300 nm (filling factor ~0.4). The details of our fabrication process are
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described in [11]. Critical current density of devices varied within 5-8 MA/cm? range at 4.2 K and
superconducting transition temperature T, was about 10 K.

The devices under study were wire-bonded to a 50-Q microwave stripe line and mounted on a
cold base plate maintained at 4.2K in vacuum inside either a liquid-helium dewar or a two-stage
cryocooler. Voltage pulses generated by the SSPD under illumination were amplified by 1-2 GHz
bandwidth, room-temperature amplifier and fed to a photon counter. Radiation from different laser sources
was delivered inside the cryostat through free space, or using a standard multimode 50-um-core-diameter
fiber, and focused by collimator on the device plane inside the cryostat. In NEP measurements the
incoming 1.3-um radiation from a luminescence diode was filtered inside cryostat with a cold (4.2 K) 0.9-
1.6 um bandpass filter to block long-wavelength thermal background as well as any parasitic visible light.

EXPERIMENTAL RESULTS

Our latest 3.5-nm-thick devices demonstrate significantly larger QE, as compared to the previous,
10-nm-thick devices [3]. The improvement is about two orders of magnitude in the visible range, and even
larger for IR photons. Figure 1 presents QE versus wavelength for a 10 x 10-um? area, 3.5-nm-thick NbN
SSPD. We believe that in the visible range our latest SSPDs have already reached the limiting intrinsic QE,
corresponding to counting of all photons incident upon the device's superconducting stripe. As the result,
QE tends to be independent of radiation wavelength in the visible range. In addition, the entire spectral
dependence shown in Fig. 1 is significantly flatter than the dependence characteristic for the 10-nm-thick
devices [4]. The reason for such a significant improvement of QE in the thinner SSPDs is quite obvious —
the normal resistance hotspot area in those devices is significantly larger, as it should be roughly inversely
proportional to the film thickness[6].
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Fig. 1. Spectral dependence of QE for atypical 10x10-um? area, 3.5-nm-thick NbN meander detector. Temperature is
4.2 K with the current biasis equal to 0.9..

The other parameter, besides QE, responsible for ultimate sensitivity of single-photon detectorsis
the dark counting rate R. R, together with QE, determines the NEP of single-photon detectors in the
following manner:

tw
NEP—&«/ﬁ. (1)

The R(I) dependence, shown in Fig 2 (right vertical axis), demonstrates the activation law R =
axexp(bxl/1;) in the whole biasing range used in our experiments (0.98 > 1/l > 0.85), where a and b are
constants, and | is the detector critical current. The activation-type behavior of R(l) can be observed within
five orders of magnitudes range and is independent of the device size or the actual superconductor stripe
width. Left vertical axisin Fig. 2 corresponds to QE dependence on the normalized current bias. Asin the
case of R, we observe an exponential decrease of QE with the I/l ratio decrease, but at least for bias
currentsclose to |, the QE drop isrelatively slow.

Figure 3 presents NEP versus I/l., obtained using Eq. (1) and the experimental results on both QE
and R shown in Fig. 2 within the 0.98 > I/l > 0.85 range (closed dots). We note that NEP of about 2 x 10



W/HZ"? has been achieved for 1/l = 0.87. This is the best sensitivity in the near-IR range, ever reported for
a single-photon detector operating at 4 K temperature level. As we can see in Fig. 3, the NEP rapidly
decreases with the bias decrease, since close to I, R is a much stronger function of I/l then QE.
Extrapolating the R data from Fig. 2 and extending the NEP plot into low bias using experimental QE
points from Fig. 2, we can reach NEP below 102 W/Hz"2

'

" - . - - - - ‘..‘-.Im'

i 1‘_.'l .

! L] 112

T Ll ol

" Iml %
l} -+ L - ?

s | M {1
I * | o
. - 1w =
ad I -
= | -. 2 ety %
- L] 1 ]
.| | 3
L] r® N | =

| = -Ill:ll

T T T
"
Fig. 2. QE and dark counting rate R versus the normalized bias current, measured for a 3.5-nm-thick, 10x10-um? area
SSPD at 1.3-um wavelength. Solid line illustrates the activation-type law of the R dependence on the detector bias.

For low I/l values, the NEP saturates, due to the very fast drop of the QE curve at low current bias (Fig.
2). The physical meaning of this saturation phenomenon is quite simple — the detector becomes insensitive
to incident radiation and the QE slope follows the R slope, as the supercurrent redistribution is too small to
produce a voltage response at such low biases.
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Fig. 3. NEP versus the normalized bias for a3.5-nm-thick, 10x10-um? area SSPD at 1.3-pum wavelength. Closed circles
correspond to experimental data presented in Fig. 2, while open circles represent the extrapol ated result based on the
measured QE and the R (see Fig. 2) interpolated to the low bias currents. Dashed line is a guide to the eye.

DISCUSSION

Dark counts and their rate R play the basic role for the ultimate sensitivity of any single-photon
detector, as we can see from Eq. (1). The origin of dark counts in our NbN SSPDs in absence of any
incident photon flux or significant thermal background fluctuations represents an interesting physical
problem. We believe that the observed dark counts are mainly due to resistive (or, equivaently,
superconducting) fluctuations in our NbN superconducting stripes. Such fluctuations were observed in one-
dimensional (1-D) superconducting stripes at low temperatures and have been discussed in terms of
guantum phase dlip centers (PSCs) [12-14]. We have already pointed out to the role of such fluctuationsin
the context of the experimentally measured, exponential spectral dependence of QE [4].

The 1-D picture is not fully adequate for our devices. The thickness d of the NbN superconducting
stripe isindeed close to the BCS coherence length & but the stripe width w is significantly larger than & On
the other hand, the 1-D approach seems to be productive to improve our understanding of the problem and



for development of a quantitative model of dark counts in our NbN SSPDs. A significant extension of the
1-D phase dips formation process [15] towards the case of wider stripes (w >> &) was obtained at low
temperatures at the presence of bias currents close to | [16,17]. It was shown in [16] that the essential
features of the PSC model are preserved, when compared with the 1-D case, including the quasiparticle
diffusion length, and the drop of the pair chemical potential over the ¢ distance. A general, theoretical
investigation of the problem in the 2-D case was proposed in [18], and it was recently used to study of PSC
formation in Nb and YBCO bridges [19]. The main conclusion made in [19] was that the PSCs could occur
in superconducting stripes more frequently than it is generally admitted by modern theories for uniform
clean superconductors at temperatures well below T.. Authors in [19] suggested that this latter observation
could support the idea proposed in [18], namely that the PSCs are formed from microscopic normal-state
hotspots existing in granular films.

We strongly believe that the above case applies to our NbN films. Detailed, atomic-force
microscope and electron microscope studies did not show any evidence of nm-scale defects in our NbN
films. However, our structures are characterized by a negative resistivity temperature coefficient within the
20-300 K temperature range, what is often associated with the existence of granular microstructure in thin
NbN films [20]. Consequently, in agreement with the concept proposed in [18],[19], the origin dark counts
in our structures is very likely to be associated with granularity of our NbN films. More detailed study on
this subject will be presented elsewhere.
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